Abstract: Acylgermanes provide an outstanding photoinduced reactivity at very useful absorption wavelengths.T his encouraged multidisciplinary research groups to utilize them as highly effective and non-toxic photoinitiators particularly for medical applications.I nt his Minireview,w ep resent the most recentb reakthroughs to synthesize acylgermanes.W e also outline mechanistic aspects of photoinduced reactions of severala cylgermane derivatives based on fundamental spectroscopic insights. These studies may aid future developments for tailor-made photoinitiators.
Introduction
In the last decades the demand and application of high performance photochemically produced polymers has been immensely growing. Nowadays, their use is no longer restricted to the manufacture of micro-electronic devices, coatings,a dhesives, inks, printing plates, opticalw aveguidesb ut also enters fields of medicine (dentalf illing materials, artificial tissue, heart valves etc.) and fabrication of 3D objects. [1, 2] In the world of photopolymerization,h igh demands on the performance of the products exist. Moreover,t hey have to be produced by sustainable, economic and environmentally friendly procedures. To meet the strict qualifications, especiallyf or medical applications, new types of non-toxic photoinitiating systems are necessary.
Upon absorption of light, the photoinitiating system (consisting of the photoinitiator and/orcoinitiator and/or sensitizer) produces reactive species startingt he polymerization process. These reactive species may be free radicals as well as ions (e.g. in cationic photopolymerization), generated from one-component (type I), two-component (type II) or multicomponent systems. [3] Type Ip hotoinitiators (PIs) are molecules undergoing triplet-state homolytic bond cleavage, typically featuring a benzoyl moiety as the chromophore. [4] Examples include aryl ketones( e.g. benzoine ther or ester derivatives, a-hydroxyand a-aminok etones), acylphosphane oxidesa sw ell as acylgermanes (Scheme 1). [5] The photochemistry and photophysics of aryl ketones and acylphosphane oxides have been investigated in detail by Turro andc o-workers [6, 7] as well as by Wirtz, Dietliker, Gescheidt and co-workers (acylphosphane oxides). [8] Type II PIs on the other hand, work in ab imolecular process together with ac oinitiator.T he initiating radicals are produced either by direct hydrogen abstractionb etween the excited PI and the coinitiator (a hydrogen donor) or by electron transfer followed by ap roton transfer,w hich is more common. The light absorbing molecules in type II systems are usually based on benzophenone, thioxanthone, camphorquinone, anthraquinone, benzil or ketocumarin derivatives. Typical coinitators are amines,a lcohols, or silanes serving ast he electron donor and/ or hydrogen source. [4] In addition, organogermanium hydrides have been described as efficient germanium-based coinitiators for type II PIs. [9] Scheme 2s hows the type II initiationp rocess with the champhorquinone/amine system serving asaparadigm which has been widely applied in the field of dentalf illings. [10] An efficient photoinitiator features ag ood match between its absorption lines and the emission spectrum of the utilized light source.Ah igh quantume fficiency for radicalf ormation and ah igh reactivity of the resulting radicals towards the monomersa re additional important requirements. In general, type I PIs are most widelya pplied, due to higher efficiency and decomposition rates when compared to typeI Ii nitiators. [11] However,t ype II initiators often show more favorable visible-light absorption properties. [11] Nowadays, visible light initiation systems are highly desired, forr easons of high penetration depth of the incident light,b iocompatibility and cost-effectivei rradiation sources. An overview of varioustypes of visible light sensitive photoinitiating systemsi sg iven by LalevØea nd co-workers. [12] The development of type Iv isible light PIs is thus of paramounti mportance and has become ag rowing fieldo fr esearch.A part from the above-mentioned factors, good solubility in aqueous media, biocompatibility ands torage stabilitya re crucial for modern( biomedical)a pplicationss uch as tissue engineering or the preparation of hydrogel-type materials. Concerningw ater solubility,i mmense progress has been made with functionalized acylphosphane oxides by Grützmacher and co-workers. [13] [14] [15] Several acylphosphane oxides have been reporteda sb eing toxic and not suitable for applications such as dentalf illings. [16] Compared to phosphorous-based PIs, currently known acylgermanes offer the advantage of reducedt oxicity Scheme1.Photocleavage of type IPIs on the example of acylgermanes. A benzoyl-type radical and ag ermyl-type radical are formed via a-cleavage from the excited tripletstate following photoexcitation and intersystem crossing (ISC).
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Promoted by their outstanding absorption properties and their ability to efficiently produce reactive radicals (see Scheme 1), acylgermanes have become ap romisingc lass of photoinitiators. [17] [18] [19] Mono-a nd bisacylgermanes have first been reported as photoinitiators in 2008. [20, 21] Since then,s ubstantiale fforts have been madeb ys everalw orkingg roups to elucidatet he photoreactivity and preparation of acylgermanes. [18, 19, [22] [23] [24] [25] [26] This Minireview focuses on the synthetic aspects and the photoreactivity of mono-to tetraacylgermanes as ap romising class of visible-light type IPIs.
The Beginning of Acylgermanium Chemistry
Acylgermanes were first synthesized by Brook and co-workers via hydrolysis of a,a-dibromoalkylgermanes [Eq.
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tained were not investigated with respectt ot heir photoinitiating properties. The resurgence of interesti na cylgermanium chemistry lately is mainly based on the advantageous photocleavage of the GeÀ(CO) bond which has been overlooked for al ong time. The development of novel and efficient synthetic strategies towards functionalized acylgermanes has evolved since then.
Synthesis of Germanium-Based PIs Monoacylgermanes
The most commont ypes of monoacylgermanes investigated as PIs are summarized in Scheme 3.
In 2008a nd 2016 benzoyl germanium derivatives 2 were introduced as PIs for visible-light curing [2, 19, 21] with excellent efficiency in dental composites. These monoacylgermanes were synthesized from hexamethyldigermane andt he respective acid chlorides in the presence of aP d-catalyst and triethyl phosphite [Eq. (2)]. [33] High photoinitiating ability was also reported for the acylgermanes 1 and 3. [26] Compounds 1 and 3 are most conveniently preparedf rom the reactionofPh 3 GeLi with the appropriate ester [Eq. (3)] [29] or from the corresponding germyl-1,3-dithiane [Eq. (4)]. [30] For the bisgermyl derivative 4 as ubstantial red-shifted absorptionand ah igh polymerization ability under visible light irradiationw as observed. [34] The synthesis of 4 was accomplished by the oxidation of bis(triphenylgermyl)methanolw ith dicyclohexylcarbodiimide/pyridinium trifluoroacetate in DMSO [Eq. (5)]. [35] Bisacylgermanes Almost concurrently with the introduction of monoacylgermanesa sp romising PIs, bisacylgermanes weres tudied. In this context,t he bisacylgermanium derivatives 5a-g were synthesized by aC orey-Seebach type reaction, which was adapted for higherh omologueso fc arbon by A. Brook [Eq. (6)]. [20, 21, 30, 36] In the case of the sterically encumbered bisacylgermane 5h the dithiane route failed. Thus, compound 5h was alternatively prepared by the acylation of diphenylgermane thought he low yield prevented completec haracterization [Eq. (7)]. [36] Based on the synthetic approachp resented in Equation 6 the first bisacylgermane was implemented asac ommercially availablep hotoinitiator [bis(4-methoxybenzoyl)diethylgermane, Ivocerin ]. Ivocerin and related bisacylgermanes show significantly enhanced extinction coefficients compared to monoacylgermanes resulting in reduced curing times and increased curing depth of the final composite material. [22, 36, 37] Beside of these benefits, Ivocerin still suffers from inefficient curing depthsa tw avelengths > 450 nm. [20] Additionally,t he multistep synthesis and the tedious purification cause high production costs and prevent,s of ar,t he application as aP Ia part from dentalcomposites.
Tris-and tetraacylgermanes
One trisacylgermaned erivative was prepared from PhH 2 GeLi and Cl-(CO)Mes and reported in 1992[ Eq. (8)], [31] however, withoutdiscussing its photoinduced reactions. Recently,t he chemistry of tris-and tetraacyl substituted germanes and their ability to serve as long-wavelengthP Is was investigated. [16, 23, 24] In the course of these studies as ynthetic protocola llowing as traightforwarda ccess to these highly desirable compounds wasdeveloped [Eq. (9)].
Based on the well-established multiple silyl group abstraction from (Me 3 Si) 3 SiK by fluorinated reagents, [38] the reaction of (Me 3 Si) 3 GeK [39, 40] with 4.1 molar equivalents of acid fluorides F-(CO)R (R = aryl) leads to the formation of tetraacylgermanes 6 in > 85 %y ields (Equation 9). Trisacylgermanes are formed via the same mechanism upon treatment of (Me 3 Si) 2 EtGeK with the respectivea cid fluorides [Eq. (10) ].
Contrary to the previously mentioned synthetic strategies towardsa cylgermanes, this protocol represents an easy-to-perform one-pot synthesis and the products can be isolated by simple recrystallization in excellent yields. Up to now,avariety of differently EDG-substituted tetraacylgermanes have been prepared. [18, 24] Spectroscopic Properties of Germanium-Based PIs
Absorption behavior
Ag ood match between the emissions pectra of the lamp and the absorption bands of ap hotoinitiator is essential to achieve its preferential functionality.I nt his respect, aryl acylgermanes exhibit properties particularly suitable for long-wavelength visible-lightc uring processes. All aryl substituted acylgermanes show longest wavelength absorption bands with l max values between 363 and 419 nm, tailing well into the visible region. These bands are significantly red-shifted and intensified as compared to other common PI systems such as aryl ketones or the well-established acylphosphane oxides. [13, 27, 41] The longest wavelength absorption bands of acylgermanes were computationally assigned to the HOMO-LUMO transition and show considerable charge transfer character (compare Figure1). [18] Upon excitation,e lectron density is displaced from the n(C=O)/s(GeÀC) bondingH OMO to the p*(C=O/Aryl) antibondingL UMO which results in the population of an orbital with antibonding character between the GeÀCb ond. In analogy to relatedk etones,h omolytic bond cleavage occurs upon intersystem crossing (ISC) via the excited triplet state. [7] In line with literature data of simple aryl ketones, pronounced substituent effects on the absorption properties of aryl acylgermanes are observed. The introduction of electron withdrawing groups in ortho-o rpara positionsa tt he aromatic ring induces ab athochromic shift of l max and decreases the extinctionc oefficients. The opposite behavior is observed when electron donating groups are attached. [18, 19, 25, 36] Figure 2s hows the effect of Me and OMe substitution on the absorption behavior of selected tetraacylgermanes. Additionally,t he extinction coefficients increase almostl inearly according to the number of chromophores attached to the germaniumc enter ( Figure 3) . Di-ortho-substitution at the aromatic ring in aryl acylgermanes inducesas ignificant hypsochromics hift of the longest wavelength absorption band. This hypsochromics hift roughly correlates with the twist (or dihedral) angle between the plane of the phenyl ring and the C=Om oiety,w hich significantly deviates from ac oplanar arrangementi nt he di-ortho-substituted derivatives caused by the stericr epulsion betweent he orthosubstituents and the C=Og roup (compareF igure 4). This correlationi sc onclusive because larger valueso ft he dihedral angle reduce phenyl/C=O p-p conjugation thus increasing the HOMO-LUMO gap and shifting the corresponding UV maximum to the blue.
Ta ble 1s hows l max values and extinction coefficients for the longest wavelength absorptionb ands of all reported acylgermanes.
In summary,t he substituent effects described above allow tuning of the absorption properties of aryl acylgermanes.T he most intense absorption at wavelengths ! 450 nm is observed for the ortho-Me substituted tetraacylgermane 6b.H ence, 6b is of particulari nterest for applications with long-wavelength visible-light emitting sources.
PI Performance Photochemistry of acylgermanes
Whereas, the photochemistry of acylsilanes has been investigated in great detail by Brook and co-workers and Porter and co-workersi nt he 1970s and 1980s, [39, 42, 43] only af ew studies have been conducted concerningt he photochemistry of acylgermanes.T heir discoverys erving as advantageous PIsh as triggered extended mechanistic investigations.
Germyl radicals formed via photolysis of monoacylgermanes Ph 3 Ge(CO)Ph and PhMe 2 Ge(CO)Ph have been observed by Mochida and Hayashi in 1985 using laser-flash photolysis (LFP). [44] The assignment of the transient absorptionb ands to the Gecentered radicals Ph 3 GeC and PhMe 2 GeC has been possible via comparison with the LFP spectra reported previously for Gecentered radicals derived from germanium hydrides( 1983 by Scaianoand Ingold as well as by Hayashi and Mochida).
[45] Taraban and co-workers investigated the photocleavage of monoacylgermane Et 3 Ge(CO)Ph (benzoyltriethylgermane) via chemically-induced dynamic nuclear polarization (CIDNP) NMR spectroscopyi n1 987, confirming the formationo fE t 3 GeC and C(CO)Pha st he primary triplet radicalp air. [46] Thep hotochemical Table 1 . l max valuesa nd extinctionc oefficients for the longest wavelength absorption bandso fm onoacylgermanes 2a-d, [19, 21] bisacylgermanes 5a-5f, [36] trisacylgermane 7, [25] and tetraacylgermanes 6a-k. [18, 24] [a] not published; sh = shoulder. [b] Couldn ot be detected due to overlappingo fn -p*with p-p*b ands. Chem.E ur.J.2018, 24,8258 -8267 www.chemeurj.org reactionp athways of acylgermanes in polar and non-polar media have been found to be analogous to those reported for acylsilanes. [43, 46, 47] Triplet-state a-cleavage of aG e À(CO) bond has been confirmed as the major photochemical reaction pathway of bisacylgermane 5a by Gescheidt and co-workersi n2 013, as evident from time-resolved EPR (TR-EPR, CIDEP) spectroscopy as well as femto-and nanosecond transienta bsorption spectroscopy (see Scheme 1). [23] TR-EPR spectra of ab is-and at etraacylgermane are depicted in Figure 5 .
The follow-up reactions of the primary radicals have been elucidated by 1 HC IDNP spectroscopy. [48] Scheme4 shows a summary of the radicalr eactionp athways proposed on the basis of CIDNP experiments of acylgermanes in absence and presenceo fm onomers. [18, 23, 25] Initiation efficiency High quantum yields of decomposition are an important requirementf or efficient photoinitiators. Quantum yields of mono-t ot etraacylgermanes have been reported by our group recently,w ith values ranging from % 0.4 (tetraacylgermanes) to % 0.8-0.9 (bisacylgermanes). [25] To achieve high curing depth and to avoid colored polymers, fast photobleaching of the PI at the irradiationw avelength is equallyc rucial,e specially upon irradiation with visible light. This is particularly relevant for (bio)medical applications such as dental composites. Various photobleaching studies of acylgermanes have been performed. [20, 25, 49] Wavelength-dependent photobleaching curves are presented in Figure 6f or irradiation of mono-t ot etraacylgermanes with LEDs at 385 nm and4 70 nm in acetonitrile/monomers olutions. The monomer (methyl methacrylate, MMA)a cts as a radicalt rap, leading to the formation of photoproducts, which do not absorb in the visible wavelengthr ange. Generally, photobleaching is more efficient upon irradiation with LED light at 385 nm than at 470 nm for all investigated compounds.T etraacylgermane 6b exhibits remarkablyf ast photobleaching upon irradiation at 470 nm, indicating efficient initiation under highwavelength visible light. [25] Apart from high decomposition quantum yields and efficient photobleaching, fast addition of the primary radicals to monomers is essential for an efficient photoinitiator.L aser-flash photolysis( LFP) is ap owerful method fort he analysis of radical-tomonomer addition kinetics. LalevØea nd co-workersr einvestigated the transient absorption properties of the Ph 3 GeC radical in 2009, showingr emarkably fast reactivity of this radical toward monomer double bonds (rate constants in the order of 10 8 m À1 s
À1
). [26] We studied the kinetics of various Ge-centeredr adicals derived from mono-t ot etraacylgermanes toward as eries of monomers. [23, 25] As ummary of the addition rate constants is given in Figure 7 . Notably,G e-centered radicals show significantly higher reactivity toward monomerst han relatedp hosphorus-based radicals derived from acylphosphane oxides. [15] Further efficiency studies of acylgermanes have been performed using photo-DSC,s howing particularly high reactivity for bisacylgermane 5d and tetraacylgermane 6b. 
Conclusions
Acylgermanes have been shown to be highly efficient, nontoxic visible-light photoinitiators for radical polymerization. Recently,n ovel straightforward synthetic protocols have led to the preparation of tris-and tetraacylgermanes, completing the spectrum from mono-totetrasubstituted derivatives. Functionalization on the aromatic rings allows fine-tuning the absorption properties and shifting the absorption bandst owards the long-wavelength region. Fast photobleaching and high reactivity of the germanium-centeredr adicals towards monomer double bonds substantiate their high potential for variousa pplications including photopolymerizable adhesives, coatings, or 3D-lithography techniques.
Outlook
In the future,t he development of acylgermanium derivatives with improved solubility in aqueous media will becomea major challenge, broadening the range of potentiala pplica- tions. Furtheri nsights into the photoreactivity of acylgermanes will remain of great interest, in order to fully elucidates tructure-reactivityr elationships and to enable the design of derivatives with tailor-madea bsorption bands and initiation efficiency.
